We consider the pumping of the 63.2 mm fine-structure line of neutral O i in the high-redshift intergalactic medium (IGM), in analogy with the Wouthuysen-Field effect for the 21 cm line of cosmic H i. We show that the soft UV background at ∼1300 can affect the population levels, and if a significant fraction of the IGM volume is filled A with "fossil H ii regions" containing neutral O i, then this can produce a nonnegligible spectral distortion in the cosmic microwave background (CMB). O i from redshift z is seen in emission at mm, and in the range (1 ϩ z)63.2 produces a mean spectral distortion of the CMB with y p (10 Ϫ9 to 3 # 10 Ϫ8
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. A measurement of this signature can trace the metallicity at the end of the dark ages, prior to the completion of cosmic reionization, and is complementary to cosmological 21 cm studies. While future CMB experiments such as Planck could constrain the metallicity to the 10 Ϫ2 Z , level, specifically designed experiments could potentially achieve a detection. Subject headings: cosmic microwave background -cosmology: theory -intergalactic medium -ISM: abundances
The first sources of light that ended the cosmic dark ages are expected to have reionized the intergalactic medium (IGM) and polluted it with metals (e.g., Loeb & Barkana 2001) . To use the metal enrichment as a potential probe of the reionization epoch, recent studies have concentrated on the neutral oxygen (O i) produced by the first massive stars (Oh 2002; Basu et al. 2004) .
The ionization potential of O i is only 0.2 eV higher than that of hydrogen (H i), and the two species are in charge exchange equilibrium. Therefore, oxygen is likely to be highly ionized in regions of the IGM where hydrogen is ionized. However, the recombination time for oxygen (as for hydrogen) is shorter than the Hubble time at , indicating that oxygen z տ 6 can be neutral even in regions where H has been ionized but where short-lived ionizing sources have turned off, allowing the region to recombine (Oh 2002) . Numerical simulations that do not resolve the first generation of "minihalos" find a small volume filling factor of such "fossil" H ii regions (Iliev et al. 2007; McQuinn et al. 2006; Ricotti et al. 2002) . However, Oh & Haiman (2003) argued, in a semianalytical model, that minihalos are more susceptible to negative feedback and that they can produce fossil H ii regions that occupy 150% of the volume of the IGM prior to reionization. More generally, the distribution of metals around early galaxies is poorly understood, but they may preferentially occupy denser regions around galaxies, where recombination time is short (Theuns et al. 2002; Miralda-Escudé et al. 2000; Cen & Ostriker 1999) . Moderate wind velocities (10-100 km s Ϫ1 ) suffice to pollute a significant fraction of the IGM volume, in principle (Haiman 2003) , although the metal escape can be hindered by large-scale structures around the small galaxies. In fact, Becker et al. (2006) claim to have found evidence for significant O i absorption in quasar spectra corresponding to highly ionized patches of the IGM at . If correctly interpreted, then the trend in their z 1 6 data suggests that O i abundance may even increase at earlier stages of reionization.
Previous work has proposed exploiting the scattering of UV photons by O i, and the corresponding absorption features in the spectra of quasars: the O i forest (Oh 2002) , analogous to the lower redshift H i Lya forest (e.g., Becker et al. 2006 ). In the case of H i, another interesting signature from the highredshift IGM is the 21 cm hyperfine-structure line, which is made detectable by UV pumping by the Lya background (the so-called Wouthuysen-Field effect; see Field 1958 (Schaye et al. 2003) , and since there is less than 1 Gyr between and 7, from now on we take
This distortion could be detectable with future CMB experiments and opens the possibility of performing tomography of the reionization epoch using this effect. In combination with 21 cm studies, it could yield direct measurements of the abundance and spatial distribution of metals in the high-redshift IGM. 4 The basic criteria for a line of a metal species or their 0 ↔ 1 ions to produce an effect analogous to the Wouthuysen-Field pumping of the H i 21 cm line are as follows: (1) abundant metals in the IGM in the required ionization state; (2) the transition at a frequency suitable for detection, with 0 ↔ 1 Einstein coefficients small enough to allow the line to deviate from equilibrium with the CMB; (3) the upper and lower states should be connected via allowed transitions to another state (hereafter called state 2), so that they can be "pumped" in a two-step process; (4) a large enough background flux at the wavelength corresponding to the and
transitions. In particular, the last criterion imposes the constraint on the wavelength of the UV pumping photons l տ 1215 A 02 before reionization, since neutral H i depletes the background at shorter wavelengths (Haiman et al. 2000) .
We selected oxygen for our study because it can be relatively abundant at high redshifts and because of the similarity of its ionization potential to that of hydrogen. The ground state of neutral oxygen is split into the three fine-structure levels of the outermost electrons in the shell, hereafter denoted as 0, n p 2 1a, and 1b. We found that among the electronic states of oxygen, these are the only ones that satisfy all of the criteria above and give rise to photons observable in the CMB frequency band. The states 0-1a and 1a-1b are connected by magnetic dipolar transitions [O i] at 63.2 mm and 3 3 P r P 2 1 at 145.5 mm, respectively, and the states 0-1b are con-
nected by an electric quadrupolar transition at 44.1 mm.
We consider only lines involving the 0 state as the lower 3 P 2 level for the transition, since the CMB ambient field is practically unable to populate the state and the 145.5 mm line will be 3 P 1 suppressed. Since these transitions are forbidden, the spontaneous-emission Einstein coefficients ( , The states 0 and 1a, 1b are connected to the excited electronic state in the shell (hereafter denoted by 2) by means Figure 1. In the absence of a UV field, O i is in thermal equilibrium with the CMB and, as shown in Basu et al. (2004) , resonant scattering is more important than collisionally induced emission, except at extremely large overdensities. For this transition, we obtain that the collisions become important at overdensities տ10 7 . However, if the first stars or black holes generated a UV background at 1300 , then the relative A populations of the fine-structure states 0 and 1 are modified by the two-step "pumping" transitions and . 0 r 2 r 1 1r 2 r 0 For simplicity we start by considering only one fine-structure transition and address the combined effect later. In what follows we use the indices i, j to denote the two levels in the fundamental state, with i referring to the lowest one. For example, for the 63.2 mm transition (i, j) corresponds to (0, 1a) (see Fig. 1 ). The steady state solution for the level population reads
( ) generacy factors. It is useful to define the UV color temperature in terms of the ratio of the UV de-excitation and excitation T UV, ji rates,
which represents the spin temperature reached in the limit of strong pumping. Following Field (1958) , these pumping rates can be written as
Here and the subscript denotes evaluation at g p 3 n n p 2 pq , i.e., at the frequency of the transition connecting states p n pq and q. The sum over m takes into account the five possible downward transitions from the upper state 2, obtained from the NIST data base.
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From the definition of the UV excitation and de-excitation rates, it is easy to see that their ratio is proportional to the ratio of the quantity evaluated at two slightly different can be approximated by
UV ϪѨ log n /ѨnF n 3 ϩ a frequency n, and is the logarithmic slope a { Ϫd log I /d log n s n of the background spectrum near the O i Baa line. We have assumed that . For a different ap-Ѩ log n /ѨnF ≈ Ѩ log n /ѨnF n n n n 2j 2i
proach, see Chuzhoy & Shapiro (2006) . If is small Ѩ log n /ѨnF n n 2j
and negative then the pumping mechanism will be more effective in the transition than in , and as a result the level i i r 2 j r 2 will be relatively depopulated. In particular, the photons j r i will be seen in emission if , which will generally be T 1 T UV CMB the case since T 2i ∼ 10 5 K k T CMB . The amplitude and shape of the UV photon field at 1300 at the beginning of reionization is uncertain. Unlike at the A H i Lya frequency of 1215 , however, the high-z IGM should A be optically thin at 1300 (see discussions of the shape of A the soft UV background in Haiman et al. 1996 Haiman et al. , 2000 . Therefore, the relevant background at redshift z should reflect the intrinsic spectrum of the dominant sources over the ≈27% red-
6 Over the 0.2% fractional difference between n 2j and , we then expect a relative decrement of of ∼0.2%(3 n n 2i n ϩ a s ) throughout , or a decrement of order ∼1% for sources n ji with . For our calculations, we adopted a fiducial choice a ∼ 2 s of ∼1%, but in practice, our results are insensitive to this value (see below).
Given the specific intensity , the steady state solution for I n the level population provides the following expression for the spin temperature :
If at a given redshift the presence of dust can be neglected, z s at is given by the CMB, . In the limit
As long as the slope of the background at 1300 is such A that , equation (5) implies that , so 
( ) ( )
i.e., it depends linearly on the UV flux at 1300 , and the A dependence on T UV is negligible.
The solid lines in Figure 2 show the deviation of with T S respect to T CMB as a function of the UV flux for (thin z p 10 s line) and (thick line) for the case of the 63.2 mm (0 r z p 7 s 1a) line. While this relative deviation is small (∼10 Ϫ3 to 10 Ϫ5 ), it nevertheless modifies the populations of levels 0 and 1.
The distortion in the CMB spectrum can be parameterized by the y-parameter, , where is the deviy { DI /B (T ) DI n n CMB n ation in surface brightness from the Planck spectrum with the unmodified CMB temperature. Before computing the distortion using the spin temperature above, it is useful to obtain an order-6 Lya scattering for these sources should be negligible (Chen & MiraldaEscudé 2004; Furlanetto & Pritchard 2006) , while the contribution from yet more distant sources will be blocked, because the photons redshifting down to 1300 by redshift z will have passed through the H i Lyb resonance (or A higher lines), and they will have been broken down into lower energy photons.
of-magnitude estimate. Because the optical depth of the IGM for the UV photons in our case is small (we find t p produced by stars will scatter off an O i atom and produce an "excess" photon. Just prior to reionization, assuming n { n ji j0 that a few UV photons have been produced per H atom (corresponding to a background flux of ergs
, the distortion should be roughly y ∼ , where is the baryon-to-photon
Dz 20 ratio and represents the fraction of CMB photon in the f Dz frequency band corresponding to the redshift range . Dz To compute the distortion of the CMB at the redshifted n ji frequency more precisely, we use the radiative transfer equation , with ds the 
